In recent years, flexible electronic devices have attracted much attention. Accordingly, flexible transparent conductive films are being researched actively. The commonly used indium tin oxide (ITO) transparent conductive film has limited flexibility. Therefore, we focused on poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)(PEDOT:PSS) as a substitute material for ITO and are engaged in producing flexible transparent conductive film using inkjet printers. To improve the characteristics of the transparent conductive film produced by inkjet printing, based on prior research, we found that cleaning the film substrate with ultraviolet/ozone (UV/O 3 ) and post-deposition annealing and treatment using polar solvents are effective for thin films. In this study, we examined the method of applying the polar solvent. As a result, we were able to improve the homogeneity of the thin film surface by applying the polar solvent to each thin film lamination layer. The resulting characteristics obtained for a three-layer printed PEDOT:PSS thin film with polar solvent coating were resistivity of 1.49 × 10 −3 Ω·cm and transmittance of 84.6%. However, we found that the surface condition changed depending on the processing method, affecting the rate of visible light transmittance.
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allowing electronic circuits and devices to be created on flexible substrates made from materials such as plastic [1] [2] [3] . Flexible and stretchable devices enable a high degree of freedom in terms of shape and do not break easily. Therefore, flexible solar cells, displays, and sensors are popular areas of research [4] - [9] . In these electronic devices, transparent electrodes, which transmit visible light and possess conductivity, are important components. The transparent conductive film used as a component in these devices is therefore required to be flexible as well. Indium tin oxide (ITO), a transparent conductive film, is typically used; however, because it contains the rare metal indium, it poses challenges of depletion of resources and rapid fluctuation in price. ITO is also unsuitable for flexible devices as it cannot resist a bending force. Research has been conducted on various materials as substitutes for ITO, including organic materials and carbon nanotubes (CNTs) [10] [11] [12] [13] [14] . The practicality of organic materials is starting to be recognized to build organic electroluminescence (EL) displays, organic thin-film solar cells, and organic transistors [15] - [20] . These organic electronics do not require high-temperature vacuum processing; hence, they can be manufactured using low-temperature processes, and devices can be produced inexpensively by printing and coating techniques [21] [22] .
In this study, we focused on poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)(PEDOT:PSS), a conductive polymer material with high flexibility and conductivity, as a substitute for ITO. We produced a flexible transparent conductive film by applying the material onto a plastic substrate using an inkjet printer. The main challenges in producing the organic transparent conductive film using the inkjet printing method are homogeneity of the surface and improving the characteristics of the thin film [23] . If we can solve these issues and produce a practical transparent conductive film, it will become possible to manufacture flexible devices, including wiring and electrodes, using only printing technology. So far, we have found that cleaning the substrate with ultraviolet/ozone (UV/O 3 ) and post-deposition annealing and treatment using polar solvents are effective for PEDOT:PSS thin films [24] [25] . The characteristics of the thin film were also improved by changing the ink solvent from ethanol to dimethyl sulfoxide (DMSO). However, because of the surface roughness of each layer, the interface state affected the resistivity [26] . In this study, we investigated the method of applying the polar solvent, ethylene glycol, to the thin film produced using ink containing DMSO, intending to make the thin film more uniform and improve its characteristics.
Experimental

Production of Ink Material for the Transparent Conductive Film
In the present study, CLEVIOS (Clevios™ PH500) was used as PEDOT:PSS. This conductive polymer has excellent electrical conductivity and high transmittance in the visible light spectrum and has attracted attention for its excellent mechan-Advances in Materials Physics and Chemistry ical flexibility. Figure 1 shows the molecular structure of PEDOT:PSS, and Table 1 shows its physical properties.
The nozzle diameter of a commercially available inkjet printer ranges from a few micrometers to a few tens of micrometers; thus, it is possible to use PEDOT:PSS with the inkjet printing method. However, because the viscosity of the ink for inkjet printers is 5 to 15 mPa·s, it is essential to reduce the viscosity of PEDOT:PSS ink. It has been reported that the properties of the PEDOT:PSS thin film are improved by adding additives [27] [28] . For example, adding ethanol reduces the surface tension of the ink and improves the wettability to the substrate. Adding ethylene glycol or DMSO has a secondary doping effect on PEDOT, enhancing the conductivity by combining the conductive regions [29] [30]. Table 2 shows the characteristics of ink additives. We used an ink composition of PEDOT:PSS:DMSO:ethylene glycol = 70:20:10 wt%, which has obtained the lowest resistance in previous research results [26] . Woollan Co., Ltd.), which was used together with the resistance value to calculate the resistivity. The transmittance was measured at a wavelength of 550 nm using a spectrophotometer (U-3900; Hitachi High-Technologies Co.). The surface of the thin film was observed under a microscope (VHX-1000; Keyence Co., Ltd.). The surface roughness was measured using an atomic force microscope (AFM) (NaioAFM; Nanosurf Co.). plied. The microscope image shows that when the polar solvent is applied, the thin film becomes more uniform, with fewer light and dark regions.It has been reported that the visible light transmittance of a uniform thin film without gaps is lower than that of a thin film in an aggregated state [24] . A reason for the reduced transmittance is believed to be the dark blue color of the PEDOT:PSS material, resulting in less light being transmitted when it forms a uniform thin film. Figure 5 shows the surface roughness of the film, measured using an AFM.
Preparation and Evaluation of the Thin Film
Results and Discussion
The surface roughness increased when the polar solvent was applied. This increase was not observed with ink containing ethanol. This is believed to be because using a printer to apply the polar solvent affected the thin film that had not dried, making the surface rough.
With thin films produced using ink containing DMSO, there was an issue of the surface of the film becoming uneven owing to the rise in viscosity of the ink and the slow drying of the thin film [26] . The thin film was more uneven when the polar solvent was applied. It has been reported that the electrical and optical properties improve if the surface roughness is reduced [23] . However, we were able to prevent the resistivity from increasing. This indicates that it is effective to apply the polar solvent to each layer. The reduction in transmittance suggests that the uneven surface enhances the scattering of light. In the future, further Advances in Materials Physics and Chemistry 
Conclusions
The resistivity was reduced by applying the polar solvent to each layer of the PEDOT:PSS thin film during printing. The triple printed film had a resistivity of 1.73 × 10 −3 Ω·cm, which is the lowest resistivity obtained so far.
Applying the polar solvent rendered the light and dark areas on the film surface more uniform. This is believed to be a factor in the reduction in transmittance.
When the polar solvent was applied using a printer, the thin film surface became more uneven. This is believed to be because applying a polar solvent using a printer affects the thin film, making the surface rougher. Despite the surface of the thin film becoming more uneven, it was possible to improve its conductivity by applying the polar solvent to each layer.
Furthermore, it is necessary to improve the homogeneity of the thin film surface in the future by investigating the method for applying the polar solvent and the chemicals used.
